We study theoretically some unique characteristics of surface electromagnetic waves excited at the interface between two different kinds of general bi-isotropic media, which include Tellegen media and chiral media as special cases. We derive an analytical dispersion relation for those waves, using which we deduce eight different conditions under which they are generated between two Tellegen media and between two chiral media independently of the component of the wave vector along the interface. These make it possible to excite the surface waves for all or a wide range of incident angles in attenuated total reflection experiments on multilayer structures. We generalize the concept of a conjugate matched pair to bi-isotropic media and obtain several conditions under which the omnidirectional total transmission, which we call the super-Klein tunneling, occurs through conjugate matched pairs consisting of Tellegen media and of chiral media. We find that these conditions are closely linked to those for the omnidirectional excitation of surface waves. Using the invariant imbedding method, we perform extensive numerical calculations of the absorptance, the transmittance, and the spatial distribution of the electromagnetic fields for circularly-polarized waves incident on bilayer structures and confirm that the results agree perfectly with the analytical predictions.
I. INTRODUCTION
Surface electromagnetic waves of various kinds have been a focus of intensive research in recent decades [1, 2] . It has been well known that when these waves are excited on the surface of a medium or at the interface between two media, the electromagnetic fields close to the surface or the interface are greatly enhanced. The high sensitivity of this enhancement to various parameters and the resulting linear and nonlinear optical effects have been successfully applied in developing efficient photonic devices and sensors [3] [4] [5] . Strong interests in the physics and applications of these waves have even created a new research area called plasmonics [6, 7] .
Surface plasma waves or surface plasmons, which are the simplest type of surface electromagnetic waves, can be excited on the surface of metals by external electromagnetic radiation [8] . More recently, there has been a growing interest in the different types of surface waves in other complex media such as Dyakonov waves excited at the interface of anisotropic media [9, 10] , optical Tamm plasmon polaritons excited on the surface of a photonic crystal [11] [12] [13] , and surface plasmon polaritons associated with chiral media [14, 15] . Surface polaritons on the surface of negative index media [16, 17] , surface waves due to a spatial inhomogeneity near the surface of semiconductors [18, 19] , and the influence of optical nonlinearity on surface plasmons have also attracted some attention [20] [21] [22] .
In a recent paper, we have presented a detailed study of the characteristics of surface waves excited at the interface between a metal and a general bi-isotropic medium [23] . Bi-isotropic media, which include Tellegen media * khkim@ajou.ac.kr and chiral media as special cases, are the most general form of linear isotropic media, where the electric displacement D and the magnetic induction B are linearly and isotropically related to both the electric field E and the magnetic intensity H [24, 25] . In cgs Gaussian units, the constitutive relations for harmonic waves in these media can be expressed as
where ǫ is the dielectric permittivity and µ is the magnetic permeability. The magnetoelectric parameter a is written as
where χ is called the non-reciprocity (or Tellegen) parameter and γ is called the chirality index.
In the present paper, we generalize the theory of Ref. [23] to the case where the surface waves are excited at the interface between two different kinds of general bi-isotropic media. We first derive analytically the generalized dispersion relation for surface waves. Our main focus in this work is to derive the explicit conditions under which surface waves are generated between two Tellegen media and between two chiral media independently of the component of the wave vector along the interface, starting from the dispersion relation. When these conditions are satisfied, it is possible to excite the surface waves for all or a wide range of incident angles in attenuated total reflection (ATR) experiments on multilayer structures. We call this phenomenon the omnidirectional excitation of surface waves. We confirm these predictions by calculating the absorptance and the spatial distribution of the electromagnetic fields for circularly-polarized waves incident on multilayer structures using a generalized version of the invariant imbedding method (IIM) [26] [27] [28] [29] [30] .
We also find that the omnidirectional excitation of surface waves is intimately related to the phenomenon of omnidirectional total transmission of waves through a conjugate matched bilayer. In Ref. [31] , the authors have considered the wave propagation through a pair of slabs with the medium parameters ǫ 1 and µ 1 and ǫ 2 and µ 2 , respectively. It has been demonstrated that when the condition ǫ 1 /ǫ 2 = µ 1 /µ 2 = −1 is precisely satisfied and the thicknesses of the two slabs are the same, waves incident on the bilayer are totally transmitted regardless of the incident angle and the polarization. The pair of slabs satisfying the above conditions has been called the conjugate matched pair. We generalize this concept to bi-isotropic media and show that the omnidirectional total transmission also occurs in such cases in the complete absence of dissipation. If there exists a small dissipation in the same system, however, we find that a finite absorption due to the omnidirectional excitation of surface waves always arises.
Recently, the omnidirectional total transmission of electron waves through a scalar potential barrier has been found to occur in pseudospin-1 Dirac-type materials, when the electron energy is one-half the value of the potential [32] [33] [34] [35] [36] [37] . In an analogy to the Klein tunneling occurring when electrons are incident normally on a potential barrier of an arbitrary shape in Dirac materials [38] [39] [40] [41] , this phenomenon has been termed the super-Klein tunneling. From the viewpoint of the physics of wave propagation, the origins of the the super-Klein tunneling and the omnidirectional total transmission through a conjugate matched pair are quite similar, and therefore we will refer the latter as the super-Klein tunneling as well. This phenomenon is also studied in detail by calculating the transmittance using the IIM.
The rest of this paper is organized as follows. In Sec. II we derive an analytical dispersion relation for surface waves at the interface between two different bi-isotropic media. Using the dispersion relation, we derive eight different conditions for omnidirectional excitation of surface waves in Sec. III. We also specify the conditions under which the omnidirectional total transmission through a conjugate matched pair occurs. In Sec. IV we develop a generalized IIM for wave propagation in stratified biisotropic media. In Sec. V we perform extensive numerical calculations using the IIM and compare the results with the predictions of the dispersion relation. In Sec. VI we comment on the experimental feasibility and conclude the paper.
II. DISPERSION RELATION FOR SURFACE WAVES
We consider a plane interface between two different kinds of general bi-isotropic media located at z = 0 as illustrated in Fig. 1 . We seek a surface-wave solution to Maxwell's equations that is propagating in the x direction along the interface but is exponentially damped away from it. The two bi-isotropic media are characterized by the parameters ǫ 1 , µ 1 , and a 1 (= χ 1 + iγ 1 ) and ǫ 2 , µ 2 , and a 2 (= χ 2 + iγ 2 ), respectively. In a uniform bi-isotropic medium, there exist two eigenmodes of circular polarization and the electromagnetic fields can be decomposed as
where the subscripts r and l denote right-circularly polarized (RCP) and left-circularly polarized (LCP) modes respectively. The effective refractive indices n jr and n jl and the effective impedances η jr and η jl for RCP and LCP modes, respectively, in the bi-isotropic medium j (j = 1, 2) are given by [24, 30] n jr = n j + γ j , n jl = n j − γ j ,
where n j is defined by
(5) We note that there are cases where some of the effective refractive indices take negative values, such as in ordinary negative index media with ǫ < 0, µ < 0, and χ = 0.
In the z > 0 region, E r and H r are assumed to depend on x, z, and t as exp(−κ 1r z + iqx − iωt), while E l and H l are as exp(−κ 1l z + iqx − iωt). In the z < 0 region, E r and H r are proportional to exp(κ 2r z + iqx − iωt), while E l and H l are to exp(κ 2l z + iqx − iωt). The imaginary wave-vector components κ jr and κ jl are defined by
where k 0 (= ω/c) is the vacuum wave number. In order to have a pure surface-wave mode, all of these components have to be positive real numbers.
The tangential components of the electric and magnetic fields have to be continuous at the interface. In addition, the electric and magnetic fields in bi-isotropic media satisfy the relationships
Applying these conditions to the x and y components of the fields, we obtain
From Maxwell's equations, we can derive the relationship between E x , E y , and H y :
where the prime denotes a differentiation with respect to z. Substituting this into Eq. (8), we obtain a matrix equation of the form
To have a non-trivial solution, the determinant of the 4 × 4 coefficient matrix of this equation has to vanish. This condition yields the desired dispersion relation for surface waves at the interface between two different biisotropic media:
In the special case where both of the two bi-isotropic media are Tellegen media with nonzero χ 1 and χ 2 but with γ 1 = γ 2 = 0, we have n jr = n jl = n j and the dispersion relation can be simplified as
where
When both of the two media are ordinary isotropic media with χ 1 = χ 2 = γ 1 = γ 2 = 0, this equation reduces to the well-known dispersion relation
For the discussion of omnidirectional total transmission through a conjugate matched pair in the following sections, it is beneficial to introduce the effective dielectric permittivities ǫ jr and ǫ jl and the effective magnetic permeabilities µ jr and µ jl (j = 1, 2). Starting from Eq. (7) and using the definitions
it is straightforward to derive the expressions
using which we can rewrite Eq. (4) as
III. OMNIDIRECTIONAL EXCITATION OF SURFACE WAVES AND SUPER-KLEIN TUNNELING
In this section, we derive some interesting consequences of the analytical dispersion relation. In particular, we derive the conditions under which the surface waves are excited regardless of the incident angle in ATR experiments on multilayer structures similar to the Kretschmann or Otto configuration.
When both of the two bi-isotropic media are Tellegen media, the dispersion relation [Eq. (11) ] is reduced to
If the effective refractive indices of the two media are anti-matched (that is, n 1 = −n 2 and κ 1 = κ 2 ), then this equation becomes
We notice that it is satisfied for any value of κ 1 if
Since the dependence on the incident angle in ATR experiments occurs only through κ j , we conclude that surface waves will be excited regardless of the incident angle if any of the above conditions is satisfied, as long as the incident angle satisfies the condition that κ j is real. This makes surface waves be excited at all or a continuous range of incident angles, in sharp contrast to the usual case where surface waves are excited at a specific incident angle. 
On the other hand, if the effective refractive indices of the two Tellegen media are matched (that is, n 1 = n 2 and κ 1 = κ 2 ), the dispersion relation is reduced to
which is satisfied for any (real) value of κ 1 if
Similarly, when both media are chiral media such that χ 1 = χ 2 = 0 and η jr = η jl ≡ η j , the dispersion relation [Eq. (11) ] is reduced to
If the impedances of the two media are anti-matched (that is, η 1 = −η 2 ), then this equation becomes
which is satisfied identically if n 1r = n 2l or n 1l = n 2r .
On the other hand, if the impedances of the two media are matched (that is, η 1 = η 2 ), the dispersion relation is reduced to
which is satisfied identically if n 1r = −n 2r or n 1l = −n 2l .
In Table I we give a summary of the conditions under which the surface waves are excited regardless of the component of the wave vector parallel to the interface, or equivalently, the incident angle in ATR experiments on multilayer structures. We also indicate the polarization of the excited surface-wave mode. For instance, when the conditions n 1 = −n 2 and η 1r = η 2r are satisfied for two Tellegen media, we can easily verify from Eq. (10) that the corresponding surface-wave mode satisfies
This implies that the surface wave is RCP in both media 1 and 2. The polarizations in other cases are obtained similarly.
The conditions II listed in Table I are expressed in terms of the effective dielectric permittivities and magnetic permeabilities and have been derived from the conditions I using Eq. (17) . For instance, from n 1 = −n 2 and η 1r = η 2r , we have
From a simple manipulation of these equations, we obtain
We notice that the conditions II are closely related to those for the super-Klein tunneling or the omnidirectional total transmission to occur. The generalized definition of a conjugate matched pair is that the two layers have the same thicknesses and satisfy ǫ 1r
In order for the transmittance to be equal to one for any incident angle and polarization, an additional condition that the incident and transmitted regions are consisted of the same media has to be satisfied. In the special case of a bilayer made of two different chiral media, RCP and LCP waves become completely FIG. 2. Sketch of the configuration considered in Sec. IV. A plane wave is incident from a bi-isotropic medium with the parameters ǫi, µi, χi, and γi onto a bilayer system consisting of two different kinds of bi-isotropic media with the parameters ǫ1, µ1, χ1, and γ1 and ǫ2, µ2, χ2, and γ2 respectively, and then is transmitted to the bi-isotropic substrate with ǫt, µt, χt, and γt.
decoupled, if the incident and transmitted regions and the two chiral media have the same impedance. Then the super-Klein tunneling is achieved separately for RCP and LCP waves when
In dispersive media, the parameters ǫ, µ, χ, and γ depend on the wave frequency. Therefore each of the matching (or anti-matching) conditions listed in Table I can be satisfied only for a specific frequency in dispersive cases. That the dispersion relation is satisfied for any value of q at a certain frequency appears to have a close resemblance to the flat band phenomenon attracting much current interest of researchers [42] .
IV. INVARIANT IMBEDDING METHOD
A popular method to excite surface waves experimentally is to perform ATR experiments on multilayer structures similar to the Kretschmann or Otto configuration. In this paper, we consider a configuration sketched in Fig. 2 . A plane wave is assumed to be incident from a uniform bi-isotropic medium with the parameters ǫ i , µ i , and a i (= χ i +iγ i ) onto a bilayer system consisting of two different kinds of bi-isotropic media with the parameters ǫ 1 , µ 1 , and a 1 (= χ 1 +iγ 1 ) and ǫ 2 , µ 2 , and a 2 (= χ 2 +iγ 2 ) respectively, and then is transmitted to the bi-isotropic substrate with ǫ t , µ t , and a t (= χ t + iγ t ). The layers 1 and 2 are assumed to have thicknesses d 1 and d 2 such that
We will test the predictions of the dispersion relation derived in Secs. II and III by solving Maxwell's equations directly in the configuration of Fig. 2 using the IIM. In this section, we present a generalization of the IIM developed previously in Ref. [30] to the case where the incident and transmitted regions as well as the inhomogeneously stratified medium in between are general bi-isotropic media.
As we have mentioned before, the field components E y and H y can be decomposed as
We rewrite this as a matrix equation
In Ref. [30] , we have derived the matrix wave equation for ψ in general bi-isotropic media of the form
By substituting Eq. (35) into Eq. (37), we change the basis of the wave function to φ:
It is necessary to generalize this equation by replacing the vector wave function φ by the 2 × 2 matrix wave function Φ, the jth column vector (Φ 1j , Φ 2j ) T of which represents the wave function when the incident wave consists only of the jth wave (j = 1, 2). We note that here the index j = 1 (j = 2) corresponds to the case where RCP (LCP) waves are incident. We are mainly interested in calculating the 2 × 2 reflection and transmission coefficient matrices r = r(L) and t = t(L), which we consider as functions of L. In our notation, r 21 is the reflection coefficient when the incident wave is RCP and the reflected wave is LCP. Similarly, r 12 is the reflection coefficient when the incident wave is LCP and the reflected wave is RCP. Similar definitions are applied to the transmission coefficients.
We also need to generalize the vector wave function ψ to the 2 × 2 matrix wave function Ψ (= N Φ) in a similar manner. The jth column vector (Ψ 1j , Ψ 2j ) T of Ψ represents the wave function when the incident wave consists only of the jth wave. Ψ 11 (Ψ 12 ) represents the field E y and Ψ 21 (Ψ 22 ) represents the field H y in the inhomogeneous region when the incident wave is RCP (LCP), respectively. The field E y associated with the incident wave is assumed to have a unit amplitude.
We follow the standard procedure to derive the invariant imbedding equations. We introduce 2 × 2 matrix functions
which we consider as functions of both z and L. Then the wave equation is transformed to
where A is a 4 × 4 matrix and O is the 2 × 2 null matrix. The wave functions in the incident and transmitted regions are expressed in terms of r and t:
where I is the 2 × 2 identity matrix and the matrices N i and N t are the values of N in the incident and transmitted regions, respectively. The diagonal matrices P i and P t are defined by
where the negative z components of the wave vector in the incident region p ir and p il and those in the transmitted region p tr and p tl are given by
The effective refractive indices n ir , n il , n tr , and n tl are defined similarly as in Eq. (4). At the boundaries of the inhomogeneous medium, we have
where E i and E t are the values of E in the incident and transmitted regions respectively. From Eq. (45), we obtain
We define 4 × 4 matrices S and R bŷ
where S ij and R ij (i, j = 1, 2) are 2 × 2 matrices. The invariant imbedding equations satisfied by R and S have been derived in Ref. [30] :
where l is the thickness of the inhomogeneous layer in the z direction. The initial conditions for these matrices are given by
From the definitions ofR,Ŝ, R, and S, we obtain
The invariant imbedding equations satisfied by r and t follow from Eqs. (49) and (51) and take the forms
The initial conditions for r and t are obtained from Eq. (50):
The invariant imbedding method can also be used in calculating the wave function Ψ(z; L) inside the inhomogeneous medium. It turns out that the equation satisfied by Ψ(z; L) is very similar to that for t and takes the form
This equation is integrated from l = z to l = L using the initial condition
The reflectance (transmittance) is defined by the ratio of the energy flux of the reflected (transmitted) wave to that of the incident wave. The energy flux of a wave is given by the z component of the Poynting vector
Starting from this, we obtain the expressions for the components of the 2 × 2 reflectance and transmittance matrices of the form R 11 = |r 11 | 2 , R 21 = p il n ir p ir n il |r 21 | 2 , R 12 = p ir n il p il n ir |r 12 | 2 , R 22 = |r 22 | 2 ,
In the case where p tr (p tl ) is imaginary, we have to set T 11 = T 12 = 0 (T 21 = T 22 = 0), since the transmitted wave is evanescent. On the other hand, if both ǫ t and µ t are negative, while ǫ t µ t > χ t 2 , we need to replace ǫ t µ t − χ t 2 by − ǫ t µ t − χ t 2 in the above expressions for the transmittances. In the absence of dissipation, the law of energy conservation requires that If there is dissipation, then the absorptance is defined by
where A 1 (A 2 ) is the absorptance when the incident wave is RCP (LCP).
V. NUMERICAL RESULTS
The IIM developed in Sec. IV allows us to solve any wave propagation problem in the situation where the medium parameters depend arbitrarily on the coordinate z. In this section, we restrict our attention mainly to the bilayer systems satisfying the matching conditions listed in Table I . Before presenting the numerical results obtained for those cases, we first consider a more generic case where the matching conditions are not satisfied to contrast the result with those in the matched cases.
In Fig. 3 we plot the absorptances A 1 and A 2 for RCP and LCP waves of frequency ω incident on a bilayer system consisting of a Tellegen medium with ǫ 1 = 2.25 + 0.01i, µ 1 = 1, χ 1 = 4, and γ 1 = 0 and an ordinary dielectric with ǫ 2 = 1.5, µ 2 = 1, and χ 2 = γ 2 = 0 in Fig. 3 . The Ey field associated with the incident wave is assumed to have a unit amplitude. The incident angle is chosen to be θ = 57 • . The interface is located at z = 4Λ and waves are incident from the region where z > 5Λ.
the configuration shown in Fig. 2 versus incident angle. Plane waves are incident from a dielectric prism with the parameters ǫ i = 9, µ i = 1, and a i = 0. The substrate is assumed to be made of the same material as the prism. The layers 1 and 2 have the thicknesses d 1 = Λ and d 2 = 4Λ, where Λ satisfies ωΛ/c = 0.2π. For the given parameters, we can solve Eq. (12) numerically and find that the surface wave is excited at the incident angle θ ≈ 57.59 • , which corresponds to q ≈ 2.5328. This result agrees perfectly with the numerical result for the absorptances showing narrow sharp peaks at the same incident angle, since the excitation of a surface wave is manifested by a strong absorption of the energy of the incident wave. In the present example, it is interesting to notice that a surface wave is excited even though the values of ǫ 1 , µ 1 , ǫ 2 , and µ 2 are all positive, in contrast to the more conventional cases where ǫ 1 and ǫ 2 (or µ 1 and µ 2 ) have the opposite signs. This is possible because in the medium 1, the real part of the square of the effective refractive index (= −13.75) is negative due to the large value of the Tellegen parameter χ 1 . This makes the medium 1 behave similarly to a metal. In Fig. 4 we show the spatial distributions of the intensities of the y components of the electric and magnetic fields, |E y | 2 and |H y | 2 , when RCP and LCP waves are incident on the same bilayer system considered in Fig. 3 . The E y field associated with the incident wave is assumed to have a unit amplitude. The incident angle is chosen to be θ = 57 • corresponding to the angle at which the absorptances take the peak values. We find that the field intensities are greatly enhanced at the interface between the two media and decay exponentially away from it, as can be expected from a surface wave. We now move to the cases where the matching conditions listed in Table I are satisfied. In Fig. 5 we consider the excitation of surface waves at the interface between two different Tellegen media (that is, media with χ = 0 and γ = 0) of the same thickness Λ, where the medium parameters are given by ǫ 1 = −3 + νi, µ 1 = −1, and χ 1 = −1 and ǫ 2 = 3, µ 2 = 1, and χ 2 = 1 respectively. We also assume that waves are incident from a dielectric prism with the parameters ǫ i = 4, µ i = 1, and a i = 0 and transmitted to the substrate with the same parameters as the prism. If we ignore the small imaginary part in ǫ 1 (that is, ν), we obtain n 1 2 = ǫ 1 µ 1 − χ 1 2 = 2 and n 2 2 = ǫ 2 µ 2 − χ 2 2 = 2. When both ǫ and µ are negative and ǫµ > χ 2 , we have to choose n = − ǫµ − χ 2 as the effective refractive index. Therefore we have n 1 = −n 2 = − √ 2 in the present case. The effective impedances for RCP and LCP waves are obtained from Eq. (4) and we find that if we ignore ν, η 1r = η 2r = ( √ 2 + i)/3 and η 1l = η 2l = ( √ 2 − i)/3. When these conditions are satisfied, surface waves can be excited for any real value of κ 1 (= κ 2 ), as we have proved in Eq. (20) . Since a wave is incident from the region where √ ǫ i µ i = 2, this gives the constraint that κ 1 2 /k 0 2 = 4 sin 2 θ − 2 > 0, that is, θ > 45 • for κ 1 to be real. Therefore surface waves will be excited for any value of θ greater than 45 • for both RCP and LCP incident waves. These predictions are confirmed clearly in Fig. 5 , where the absorptances A 1 and A 2 obtained for four different values of ν (= 0, 10 −4 , 10 −5 , and 10 −6 ) when ωΛ/c = 2π and three different values of ωΛ/c (= 1.5π, 2π, and 2.5π) when ν = 10 −5 are plotted versus incident angle. When ν is zero, there is no dissipation in the layers and the absorption of the wave energy does not arise, although even in this case, the surface waves are excited at the interface for θ > 45 • , as will be shown in Fig. 7 . When ν is small and nonzero, the absorptances remain zero at θ < 45 • , but become finite at all angles greater than 45 • . In the parameter region where the surface waves are excited, we find that the absorptances depend quite sensitively on the value of ν and ωΛ/c. The broad peaks shown in Fig. 5 are in sharp contrast to the narrow sharp peaks in Fig. 3 . In the calculations shown here and in all later calculations, we have assumed a very small value of ν. However, we have checked numerically that qualitatively similar results are obtained for much larger values of ν up to 0.01.
In the case where ν is zero, the bilayer system considered above is an example of a conjugate matched pair. From Eq. (16), we obtain
, which satisfy Eq. (31). In Fig. 6 we plot the transmittances T 11 and T 22 through the bilayer in the same configuration as in Fig. 5 . As is expected from a conjugate matched pair, both T 11 and T 22 are identically equal to one for any incident angle when ν is zero. For a small value of ν equal to 10 −5 , however, the transmittances remain equal to one only for θ < 45 • . This occurs because when the surface waves are excited at θ > 45 • , a large amount of absorption arises even in the presence of a very small damping.
In Fig. 7 , we show the spatial distributions of |E y | 2 and |H y | 2 , when RCP and LCP waves with a unit amplitude of E y are incident on the same bilayer system considered in Fig. 6 at the incident angle θ = 60 • for two different values of ν (= 0, 10 −5 ). We find that both fields, which are extremely pronounced near the interface between the two media, decay exponentially away from it. We have checked numerically that the decay rates of the fields are approximately consistent with the values obtained from κ 1 and κ 2 for the chosen value of θ. We observe that the surface waves are excited even when ν is zero and the field enhancement in that case is larger than that in the ν = 0 case.
Next, in Fig. 8 we consider the surface wave between two Tellegen media of the same thickness Λ such that ωΛ/c = π, where ǫ 1 = −3 + νi (ν = 10 −5 ), µ 1 = 1, and χ 1 = 1 and ǫ 2 = 3, µ 2 = −1, and χ 2 = −1 respectively. We also assume that waves are incident from a dielectric prism with the parameters ǫ i = 4, µ i = 1, and a i = 0 and transmitted to the substrate with the same parameters as the prism. If we ignore ν, we obtain n 1 = n 2 = 2i, η 1r = −η 2l = −i, and η 1l = −η 2r = −i/3. When these conditions are satisfied, surface waves can be excited for any real value of κ 1 (= κ 2 ) for both RCP and LCP incident waves, as we have proved in Eq. (22) . Since a wave is incident from the region where √ ǫ i µ i = 2, this gives the condition that κ 1 2 /k 0 2 = 4 sin 2 θ + 2 > 0, which is satisfied for all θ. Therefore surface waves will be excited for an arbitrary value of θ including the normal incidence case with θ = 0, which is clearly confirmed in Fig. 8 .
We can also show that when ν is zero, the bilayer system considered in Fig. 8 is a conjugate matched pair. From Eq. (16), we obtain ǫ 2r = −ǫ 1l = 6, µ 2r = −µ 1l = −2/3, ǫ 2l = −ǫ 1r = 2, and µ 2l = −µ 1r = −2, which satisfy Eq. (32). In Fig. 9 we plot the transmittances T 11 and T 22 through the bilayer in the same configuration as in Fig. 8 . When ν is zero, we confirm that the omnidirectional total transmission of both RCP and LCP waves occurs. When ν is nonzero, the transmittances are substantially reduced at all θ due to the omnidirectional excitation of surface waves.
In Fig. 10 , we show the spatial distributions of |E y | 2 and |H y | 2 , when RCP and LCP waves with a unit amplitude of E y are incident on the same bilayer system considered in Fig. 8 with ν = 10 −5 at the angles θ = 0 • and 45 • . In all cases including the normal incidence case, we find that surface waves are strongly excited at the interface.
We now consider the third configuration involving two Tellegen media. In Fig. 11(a) we consider the surface wave between two Tellegen media of the same thickness Λ such that ωΛ/c = 0.8π, where ǫ 1 = −3+νi (ν = 10 −5 ), µ 1 = −7, and χ 1 = 5 and ǫ 2 = −3, µ 2 = 1, and χ 2 = 1 respectively. We assume that waves are incident from a dielectric prism with the parameters ǫ i = 4, µ i = 1, and a i = 0 and transmitted to the substrate with the same parameters as the prism. If we ignore ν, we obtain n 1 = n 2 = 2i and the effective impedances for RCP and LCP waves η 1r = −7i/3, η 1l = i, η 2r = −i, and η 2l = −i/3, and therefore we have η 1l = −η 2r but η 1r = −η 2l . In this case, we find that surface waves are excited for an arbitrary value of θ for RCP incident waves. For LCP waves, surfaces waves are also excited at any incident angle greater than 0, but they are not excited at θ = 0 and very weakly excited at small incident angles. These results can be understood from the polarization of the surface-wave mode, (0, 1, 1, 0), corresponding to the fourth case in Table I . This implies that the surface wave in this case is LCP in the medium 1 and RCP in the medium 2. Let us first consider the normal incidence case. When an RCP (LCP) wave is normally incident on the interface between the two media, the transmitted wave will be RCP (LCP) and the reflected wave will be LCP (RCP). Therefore it is not possible to have the correct mode structure when an LCP wave is incident and the surface wave will not be excited in that case. For a nonzero incident angle, the reflected and transmitted waves will have both RCP and LCP components. When θ is sufficiently small, however, the coupling and mixing between RCP and LCP components is weak and the behavior is similar to the normal incidence case. In Fig. 11(b) we have switched the parameters of the media 1 and 2 (except for ν). Then we obtain n 1 = n 2 , η 1r = −η 2l , and η 1l = −η 2r . A similar argument as the above shows that surface waves are excited at all θ for LCP incident waves. For RCP waves, however, surface waves are not excited at θ = 0 and very weakly excited at small incident angles, as is confirmed in Fig. 11(b) .
If we ignore ν, we also obtain ǫ 2r = −ǫ 1l = −2, µ 2r = −µ 1l = 2, ǫ 2l = −6, ǫ 1r = −6/7, µ 2l = 2/3, µ 1r = 14/3 from Eq. (16) . Therefore the second condition of Eq. (32) is satisfied but the first is not, and therefore this bilayer is not a conjugate matched pair. In Fig. 12 we plot the transmittances T 11 and T 22 through the bilayer in the same configuration as in Fig. 11 . We confirm that the omnidirectional total transmission does not occur regardless of the value of ν.
Next, we consider the excitation of surface waves at the interface between two different chiral media (that is, media with γ = 0 and χ = 0), where η jr = η jl = η j (j = 1, 2). In Fig. 13 we consider the case where ǫ 1 = −3 + νi (ν = 10 −5 ), µ 1 = 1, and γ 1 = 0.1 and ǫ 2 = 3, µ 2 = −1, and γ 2 = −0.1. The two layers have the same thickness Λ such that ωΛ/c = π. If we ignore ν, we obtain η 1 = −η 2 = −i/ √ 3, n 1r = n 2l = 0.1 + √ 3i, and n 1l = n 2r = −0.1+ √ 3i. In this case, we find that surface waves are excited for an arbitrary value of θ for both RCP and LCP incident waves, as we have proved in Eq. (25) and verified in Fig. 13 .
We find that when ν is zero, the bilayer considered in Fig. 13 is a conjugate matched pair. From Eq. (16) ,
3)i, which satisfy Eq. (32). In Fig. 14 we plot the transmittances T 11 and T 22 through the bilayer in the same configuration as in Fig. 13 and confirm that the omnidirectional total transmission of both RCP and LCP waves occurs when ν is zero. When ν is nonzero, the transmittances are reduced at all θ due to the omnidirectional excitation of surface waves.
From now on, we will consider the cases where the ef- fective impedances of the media 1 and 2 are the same when we ignore the small imaginary part in ǫ 1 . In those cases, it is more illuminating to have the same impedance value in both the incident region and the substrate as in the media 1 and 2. Then the impedance is matched throughout the whole space and the unwanted wave scattering at the interfaces between the incident region and the medium 1 and between the medium 2 and the substrate is eliminated. In Fig. 15 we consider the case where ǫ 1 = −1.4 + νi (ν = 10 −5 ), µ 1 = −1.4, and γ 1 = 0.1 and ǫ 2 = 1.2, µ 2 = 1.2, and γ 2 = 0.1. The layers 1 and 2 have the same thickness Λ, which satisfies ωΛ/c = 1.5π. In the incident region and the substrate, we choose ǫ i = ǫ t = 2, µ i = µ t = 2, and a i = a t = 0 to have η i = η t = 1. If we ignore ν, we obtain η 1 = η 2 = η i = η t = 1. Ignoring ν, the effective refractive indices for RCP and LCP waves are given by n 1r = −1.3, n 1l = −1.5, n 2r = 1.3, and n 2l = 1.5, and therefore we have n 1r = −n 2r and n 1l = −n 2l . When these conditions are satisfied, surface waves can be excited for any real value of κ 1r (κ 1l ) for incident RCP (LCP) waves, as we have proved in Eq. (27) . Since a wave is incident from the region where √ ǫ i µ i = 2, this gives the constraints that κ 1r 2 /k 0 2 = 4 sin 2 θ − 1.3 2 > 0, that is, θ > 40.54 • for RCP waves and κ 1l 2 /k 0 2 = 4 sin 2 θ − 1.5 2 > 0, that is, θ > 48.59 • for LCP waves. That the surface waves are indeed excited in the predicted regions of the incident angle can be seen clearly from Fig. 15 . When ν is zero, the bilayer considered in Fig. 15 is a conjugate matched pair. From Eq. (16), we obtain ǫ 2r = −ǫ 1r = 1.3, µ 2r = −µ 1r = 1.3, ǫ 2l = −ǫ 1l = 1.5, and µ 2l = −µ 1l = 1.5, which satisfy Eq. (31). In Fig. 16 we plot the transmittances T 11 and T 22 through the bilayer in the same configuration as in Fig. 15 and confirm that the omnidirectional total transmission of both RCP and LCP waves occurs when ν is zero. For a small value of ν equal to 10 −5 , the transmittance remains equal to one only at θ < 40.54 • for RCP waves and at θ < 48.59 • for LCP waves. This is because the surface waves are excited at either θ > 40.54 • or θ > 48.59 • depending on the polarization of the incident wave.
In the present example, having the impedance matching in the whole space is not required to have the omnidirectional total transmission, since the two conditions in Eq. (31) are simultaneously satisfied. We have checked numerically that even in the case where ǫ i = ǫ t = 4, µ i = µ t = 1, and a i = a t = 0, the transmittances T 11 and T 22 are identically equal to one at all θ if ν is zero. When ν is small and nonzero, the surface waves are excited at θ > 40.54 • for both RCP and LCP waves and the absorptances are slightly different from those shown in Fig. 15 due to the coupling and mixing of RCP and LCP waves.
Finally, we consider the cases which satisfy Eq. (33). In Fig. 17(a) we consider the case where ǫ 1 = −1.4+νi (ν = 10 −5 ), µ 1 = −1.4, and γ 1 = 0.1 and ǫ 2 = 1.2, µ 2 = 1.2, and γ 2 = 0.1. In the incident region and the substrate, the medium parameters are ǫ i = ǫ t = 2, µ i = µ t = 2, and a i = a t = 0. The layers 1 and 2 have the same thickness Λ, which satisfies ωΛ/c = 1.5π. If we ignore ν, we obtain η 1 = η 2 = η i = η t = 1. Ignoring ν, the effective refractive indices for RCP and LCP waves are given by n 1r = −1.3, n 1l = −1.5, n 2r = 1.3, and n 2l = 1.1, and therefore we have n 1r = −n 2r but n 1l = −n 2l . When these conditions are satisfied, surface waves can be excited for any real value of κ 1r only for RCP waves as stated in Eq. (33) . Since a wave is incident from the region where √ ǫ i µ i = 2, this gives the constraint that θ > 40.54 • for RCP waves. We confirm that the surface waves are excited in the predicted region of the incident angle only when RCP waves are incident in Fig. 17(a) . In Fig. 17(b) we consider the case where ǫ 1 = −1.2 + νi (ν = 10 −5 ), µ 1 = −1.2, and γ 1 = 0.1 and ǫ 2 = 1.4, µ 2 = 1.4, and γ 2 = 0.1. In this case, it is straightforward to verify that the surface waves are excited when θ > 40.54 • only for LCP incident waves.
When ν is zero, the bilayer system considered in Fig. 17(a) is a conjugate matched pair for RCP waves. From Eq. (16), we obtain ǫ 2r = −ǫ 1r = 1.3, µ 2r = −µ 1r = 1.3, ǫ 2l = 1.1, ǫ 1l = −1.5, µ 2l = 1.1, and µ 1l = −1.5, which satisfy the first of Eq. (33). In Fig. 18(a) we plot the transmittances T 11 and T 22 through the bilayer in the same configuration as in Fig. 17(a) and con- firm that the omnidirectional total transmission of RCP waves occurs when ν is zero. For a small value of ν equal to 10 −5 , the transmittance remains equal to one only at θ < 40.54 • for RCP waves. There is no omnidirectional total transmission for LCP waves and the transmittance T 22 depends very weakly on ν. In Fig. 18(b) we consider the transmittances in the same configuration as in Fig. 17(b) and find that the omnidirectional total transmission of LCP waves occurs when ν is zero. In the present case, having the impedance matching in the whole space is a necessary condition to have the omnidirectional total transmission for RCP or LCP waves. In Fig. 19 we consider the same bilayer as in Figs. 17(a) and 18(a) and assume that the medium parameters in the incident region and substrate are ǫ i = ǫ t = 4, µ i = µ t = 1, and a i = a t = 0. Then the impedance matching in the whole space is not achieved and the omnidirectional total transmission does not occur. In Fig. 19(a) we show that the absorptance A 2 is no longer zero due to the coupling between LCP and RCP waves. In Fig. 19(b) we confirm that the transmittance T 11 is smaller than one at all θ even when ν is zero.
VI. CONCLUSION
In this paper, we have investigated the characteristics of the surface waves excited at the interface be-tween two different bi-isotropic media. We have derived an analytical dispersion relation for those waves, using which we have deduced the conditions under which they are excited between two Tellegen media and between two chiral media for all or a wide range of incident angles in ATR experiments on multilayer structures. We have also obtained the conditions under which the omnidirectional total transmission occurs through conjugate matched pairs. We have found that the omnidirectional excitation of surface waves and the omnidirectional total transmission through a conjugate matched pair are intimately related phenomena and discussed the similarities and differences of the respective conditions. We have also pointed out that the omnidirectional total transmission discussed here has basically the same physical origin as the super-Klein tunneling occurring in pseudospin-1 Dirac-type materials. We have confirmed our predictions with detailed numerical calculations of the absorptance, the transmittance, and the spatial distribution of the electromagnetic fields.
The omnidirectional excitation of surface waves and the omnidirectional total transmission through a conjugate matched pair extensively discussed in previous sections require that the chirality index γ or the Tellegen parameter χ takes a fairly large value. Though there exist no natural materials with such properties, there have been many recent theoretical and experimental studies to construct artificial metamaterial structures with a very large and tunable value of γ [43] [44] [45] [46] . It may be possible to test our theory using those metamaterials.
It is more difficult to construct artificial metamaterials with a large value of the Tellegen parameter χ. Recently, it has been pointed out that some topological Dirac materials such as topological insulators and Weyl semimetals can be considered electromagnetically as a kind of Tellegen medium [47] [48] [49] [50] [51] [52] . The χ value for topological insulators is very small, but it may be possible to obtain strongly enhanced magnetoelectric effects in Weyl semimetals with tilted Dirac cones. Further research in that direction is highly desired.
